In this study, our recent research activities on nanophotonic devices with semiconductor quantum nanostructures are reviewed. We have developed a technique for nanofabricating of high-quality and high-density semiconductor quantum dots (QDs). On the basis of this core technology, we have studied next-generation nanophotonic devices fabricated using high-quality QDs, including (1) a high-performance QD laser for long-wavelength optical communications, (2) high-efficiency compound-type solar cell structures, and (3) single-QD devices for future applications related to quantum information. These devices are expected to be used in high-speed optical communication systems, high-performance renewable energy systems, and future high-security quantum computation and communication systems.
Introduction
Recent advances in nanotechnologies have enabled the fabrication of very fine nano-structures, such as quantum wires and quantum dots (QDs) [1] , [2] , whose sizes are controlled at the atomic-layer level by the bottom-up nanofabrication method, and of a single-quantum-nanostructure devices such as single/coupled-QD (SQD/CQD) devices for quantum information applications [3] , [4] by both the bottom-up and top-down nanofabrication methods.
Semiconductor quantum nanostructures are expected to results in both quantitative and qualitative technologicaladvancements in photonic devices/systems; such nanostructures include quantum wires and QDs, where the density of the state can be controlled artificially by changing both the size of quantum structures and quantum confinement.
With respect to the quantitative technological innovation of optical devices, QDs are expected to enable both a significant reduction of the threshold current density of semiconductor lasers and temperature-insensitive laser operation. Moreover, the sub-bands engineering of the QDs is expected to results in a dramatic increase of the efficiency of solar cells.
With respect to qualitative technological innovations, the feature of the artificial atomic state of QDs enables them to be used in new applications of quantum information devices such as single-and entangled-photon sources as well as quantum-logic-gate devices.
We have developed new methods for fabricating highquality QDs ensemble structures with high uniformity and high density. On the basis of these technologies, we have investigated a high-performance semiconductor laser for longwavelength optical communication and a novel solar cell fabricated using high density quantum dots. We have also proposed and studied the novel quantum information devices based on the optical control of excitons in high quality SQD and CQD.
In this study we review our research activities related to the nanophotonic devices based on semiconductor quantum nanostructures, including (1) a highperformance QD laser for long-wavelength optical communications, (2) a high-efficiency compound-type solar cell fabricated using QDs, and (3) single-quantum-nanostructure (SQD/CQD) devices for future applications related to quantum information.
Semiconductor Lasers with Highly Dense and Uniform QDs

Highly Dense and Uniform QDs
QDs have been utilized for their excellent performance in practical applications; they enable the fabrication of highquantum-efficiency devices that are insensitive to temperature [5] , [6] . Specifically, QD lasers and optical devices with a zero-dispersion wavelength of 1.3 μm have been fabricated on GaAs substrates as new luminescent materials. Moreover, QD lasers can operate at a high modulation speed without exhibiting temperature dependence and at a low threshold current density below 10 A/cm 2 . However, QDs have a very small number of carriers in fundamental energy levels. Furthermore, we have not realized the exact function of δ because of QDs' size distribution. QD lasers have not been extensively adopted because of these performance limitations and poor optical gains. The density and uniformity of QDs are very important characteristics with respect to the realization of a high-performance QD laser. Many researchers have proposed various methods to prepare QDs with high and uniform density [7] , [8] . Highly uniform selfassembled QDs with a full width at half maximum (FWHM) narrower than 15 meV have been prepared through numerous improvements in synthesis techniques, but QD density remains poor [9] .
Copyright c 2016 The Institute of Electronics, Information and Communication Engineers Numerous approaches to prepare high-density QDs have been reported, many of which involve new Sb-or N-containing materials [10] - [15] . Some QDs containing Sb exhibit densities as high as 1 × 10 11 cm −2 ; however, these materials exhibit poor crystal quality. Our main goal is to achieve high laser performance using high-density, highuniformity, and high-quality QDs. We have proposed the fabrication of high-performance QDs using an As 2 source grown by molecular beam epitaxy (MBE). In this chapter, we report the fabrication of high-performance QDs with a density of 1 × 10 11 cm −2 and a narrow-photoluminescence (PL) FWHM of 22.3 meV; these QDs were fabricated using As 2 , a graded strain-reducing layer, and a molecular beam with a wavelength of 1.3 μm. In addition, we report the fabrication of a laser diode using these high-density and highuniformity QDs; the resulting laser diode exhibits an optical gain greater than 8 cm −1 per QD layer. Moreover, we clarify optical properties of these high-density and high-uniformity QDs. Furthermore, we propose a new half-etching-mesa (HEM) laser structure, which exhibits a low threshold current of 7 mA in a short cavity length of 0.75 mm.
Optical Properties of High-Density and HighUniformity QDs
Self-organized InAs/GaAs QD structures were grown with a high density on a GaAs(001) substrate using MBE with an As 2 source generated by a valved cracker cell [9] , [16] . Coauthor Sugaya has reported that As 2 and As 4 sources have different migration lengths in cases of quantum wires and QDs. Characteristics of high-density QDs fabricated using an As 2 source differ from those of high-density QDs fabricated using an As 4 source because of the difference in the surface migration behavior of Indium atoms on surface structures generated using As 2 and As 4 sources. Figures 1 (a) and 1 (b) show scanning electron microscope (SEM) micrographs of InAs QDs grown using As 4 and As 2 sources, respectively. The InAs supply and growth temperature were 2.4 monolayers (MLs) and 570
• C, respectively. Under these conditions, we achieved the same QD density of 8.0 × 10 10 cm −2 per QD layer using As 4 and As 2 sources, as evident in the SEM micrographs. In addition, coalescent dots are evident only in Fig. 1 (a) , where the dots were grown using the As 4 source. Thus, using the As 2 source, we fabricated high-density QDs without the formation of coalescent dots. Each sample was grown under an As 2 flux of 5 × 10 −6 Torr. After a GaAs buffer layer was grown at 590
• C, QD structures with an InGaAs graded-composition strained relaxation layer (GC-SRL) were grown. The InAs supply and growth temperature of QDs were 2.4 ML and 540
• C, respectively. The gradient composition of the GC-SRL could be controlled by changing the Ga flux. In this sample, initial and final compositions of indium in the GC-SRL layer were 23% and 10%, respectively. After the GC-SRL was grown, a 200-nm-thick GaAs barrier layer was grown. Another QD layer was grown on the surface of the GaAs barrier layer for SEM observations; this second QD layer was grown under conditions similar to those used for the inner QD layer. PL measurements and SEM observations were performed to characterize optical properties, dot size, and surface density of QDs. Figure 2 shows experimental results of room-temperature PL measurements of both our highdensity (8.0 × 10 10 cm −2 ) and low-density (8.0 × 10 9 cm −2 ) QD materials. In both cases, the PL peak intensity of the ground state at 1.3 μm was saturated. Moreover, both samples exhibited a long wavelength of maximum PL intensity and a narrow FWHM of 1310 nm and 25 meV, respectively. The enhancement of the PL intensity of the ground state of high-density QDs was ten times greater than that of the ground state of low-density QDs because of an increase in QD number. Our high-density QDs exhibited a large enhancement of their PL intensity because of their high quality. We believe that our method of fabricating high-density and high-uniformity QDs using a GC-SRL and an As 2 source represents a novel technique. Thus, highperformance optical devices can be fabricated using our QDs.
We also performed lifetime measurements of these QDs. QDs with a short lifetime are necessary for the fabrication of QD lasers with high-speed modulation. Figure 3 shows the results of photon lifetime measurements at 14 K for the ground energy level of high-and low-density QDs. These measurements were performed using a high-power laser with an emission wavelength of 800 nm in conjunction with a cooled charge-coupled-device (CCD) detector. The relaxation rate of high-density QDs was higher than that of low-density QDs. Radiactive lifetimes estimated from the relaxation rates for high-and low-density QDs were 1.6 ns and 2.0 ns, respectively. High-density QDs exhibit a short lifetime because of numerous emissions in their active region. On the basis of these results, we expect high-density QDs to exhibit enhanced and accelerated emissions in laser applications.
QD Lasers with a Half-Etching-Mesa Structure
InAs QD laser wafers were grown by MBE on Si-doped (100) GaAs substrates using a valved cracker cell, which was used to generate As 2 . The active region consisted of nine layers of 2.4 MLs of InAs QDs with a high QD density of 6.8 × 10 10 cm −2 , an In 0.25 Ga 0.75 As GC-SRL with a thickness of 2.5 nm, and a GaAs barrier layer with a thickness of 38 nm [7] , [17] . A new proposed QD stripe laser with an HEM structure was proposed, as shown in Fig. 4 (a) . The HEM fabricated by dry etching was stopped at the center of the active region. An SEM micrograph of the fabricated HEM structure is shown in Fig. 4 (b) .
The etching depth at the center of the active region was controlled by performing Cl 2 /Ar inductively coupled plasma etching at a slow rate. The measurements show the structure of a laser interference microscope. An etching stop layer and clad layer were etched in the middle and stopped at the active layer structure. The etching was stopped in the middle of the active layer, where the refractive index of light was disturbed by the interference of QDs. As such, the etch depth was readily measured using a laser interference microscope. The HEM structural feature is intermediate between the active layer and depth of etch mesa to reduce scattering losses. We calculated the scattering losses of the HEM and high-mesa waveguide as a function of surface roughness, as shown in Fig. 5 .
If the mesa width is assumed to be 1.3 μm, then 1.5 μm wavelength transmission is also assumed. The scattering loss of the HEM waveguide was reduced to almost half that of the high-mesa waveguide. All QD lasers had uncoated facets and were tested at room temperature under pulsed conditions using 2.0 μs pulses with a duty cycle of 1%. The light output vs. current characteristics of the QD HEM laser with a 0.75 mm short cavity and cleaved facet were determined at room temperature, as shown in Fig. 6 .
A low-threshold-current operation of the QD laser was achieved at 7 mA and 1.3 μm emission because of the high quality of QDs and low scattering loss of the HEM structure. The mirror loss of this QD laser with short cavity and cleaved facet was high, i.e., 16 cm −1 ; the mirror loss of the QD laser with a low-threshold-current density was 7 cm −1 [7] . Figure 7 shows the threshold current density vs.
Fig. 7
The threshold current density vs. inverse cavity length in a QD laser with HEM structure inverse cavity length for the nine-layered QD laser. The threshold current density at which ground-state emission was observed decreased from 373 A/cm 2 in the case of the 0.75 mm short cavity to 164 A/cm 2 in the case of a 2.0 mm long cavity. Moreover, a transparency current density of 103 A/cm 2 was determined in the nine-layered QD laser with high QD density and high uniformity. We compared the threshold current density of the HEM laser with the lowest current density of the QD laser for both highand low-density QDs. The lowest-threshold-current density for each QD layer was 7 A/cm 2 /layer at a QD density of 1.4 × 10 10 cm −2 [6] . The threshold current density for each QD layer of our proposed QD laser was 18.2 A/cm 2 /layer. Moreover, the threshold current density for each QD in our proposed QD laser exhibited a lower value of 2.7 × 10 In this study, we fabricated high-performance QDs with a high density of 1×10 11 cm −2 and a narrow PL FWHM of 22.3 meV using As 2 , a graded strain-reducing layer, and a molecular beam at 1.3 μm. We determined optical properties of the active layer composed of high-density and highuniformity QDs. Relaxation was also determined, and early emission with a tenfold intensity enhancement compared with that of the low-density samples was observed. Highdensity and high-uniformity QDs have also been demonstrated to exhibit superior optical properties. We have proposed and fabricated a 1.3 μm QD laser with an HEM stripe structure. We achieved a low-threshold-current operation of the QD laser at 7 mA with a high mirror loss of 16 cm [A/QD number], which is lower than that of the QD laser with the lowest reported threshold current density. We believe that our proposed high-density 1.3-μm QD fabrication method using a GC-SRL, an As 2 source, and an HEM waveguide structure represents a breakthrough fabrication technique for QD lasers.
Ultra-High-Stacked QD Structures and Their Application to Solar Cell Devices
QD Structures for Solar Cell Devices
Increasing demand for renewable energy indicates that we can expect photovoltaic technologies to become less expensive and to provide exceptionally high conversion efficiencies. QD solar cells (intermediate-band solar cells) have recently been investigated extensively and are expected to provide a conversion efficiency greater than 60% under concentrator conditions [18] . QD superlattice structures are inserted into a p-n junction of matrix materials for intermediate-band solar cells. The realization of such highefficiency solar cells necessitates the fabrication of highly stacked QD superlattice structures that are uniform and distributed periodically in all three dimensions [19] . Although the InAs/GaAs QD material system has been studied, most of these QDs have been grown by solid-source MBE, where the crystal quality of InAs/GaAs QDs degrades as the number of QD layers increases because of the buildup of internal strain. Therefore, the InAs/GaAs QD solar cell performance also degrades as the number of QD layers increases [20] . To overcome these problems, a strain balancing growth technique involving the deposition of GaNAs buffer layers has been demonstrated for InAs/GaAs material systems [21] . InGaAs QDs are alternative candidates for stacked structures because of their small lattice mismatch with a GaAs substrate. In this study, we review the fabrication of high-quality and ultra-high stacks of 400-layer In 0.4 Ga 0.6 As QD structures without using a strain balancing growth technique. 150-stack In 0.4 Ga 0.6 As QD solar cells exhibit good cell performance, which, to the best of our knowledge, has not been reported for any other material systems. Moreover, we report the fabrication of InGaP-based InGaAs QD solar cells as optimal intermediate-band solar cells.
Fabrication of Ultra-High-Stacked QD Structures
We grew 20-to 400-stack In 0.4 Ga 0.6 As QD layers on Sidoped GaAs (001) substrates using an As 2 source without using a strain balancing technique. As 2 -grown multistacked InGaAs QD structures exhibit superior optical properties compared with those of As 4 -grown structures grown at a high growth rate of 1 μm/h [22] , [23] . The thicknesses of the In 0.4 Ga 0.6 As QD and GaAs barrier layers were 2 nm and 20 nm, respectively. The growth temperature was 520
• C. Figure 8 shows a cross-sectional scanning transmission electron microscopy (STEM) image of the top portion of 300-stack In 0.4 Ga 0.6 As QD layers. In 0.4 Ga 0.6 As QDs exhibit a diameter of approximately 30 nm and a height of approximately 7 nm; they are aligned 55
• -65
• relative to the (001) surface. No dislocations were generated after 300 layers were stacked, although no strain balancing was employed during the growth. Figure 9 shows PL spectra of 20-to 400-stack No dislocations were generated after 300 layers were stacked, although no strain balancing was employed during the growth. In 0.4 Ga 0.6 As QD layers at 11 K. PL intensities of 200-, 300-, and 400-stack QDs are higher than those of 20-and 30-stack QDs with high-quality crystals [23] . Because all 400-layer QDs are not excited by an Ar + laser (λ = 514.5 nm), PL originates mainly from the upper portions of stacked structures and reflects the quality of crystals in those regions. The abovementioned results indicate the growth of high-quality and ultra-high stacks of In 0.4 Ga 0.6 As QD structures even after 400 layers without using any special strain balancing method. 300-and 400-stack In 0.4 Ga 0.6 As/GaAs QD structures are believed to be still in the critical thickness. The difference in the PL wavelength is attributed to different QD sizes resulting from different growth interruption times [24] .
Application to Solar Cell Devices
The sample structure of solar cell devices is described in Fig. 10 , where i-layer multistacked QD structures were inserted into the GaAs p-n junction [24] . The i-layer region consists of 10-, 20-, 30-, 50-, 100-, and 150-stack 2-nm In 0.4 Ga 0.6 As QD structures. The barrier-layer thicknesses between QDs were 12 nm and 20 nm for 150-stack and other structures, respectively. Figure 11 shows EQE spectra of multistacked In 0.4 Ga 0.6 As QD solar cells and a GaAs reference cell. The EQE of the cells has extended photoabsorption spectra to wavelengths longer than the GaAs bandgap. Photoabsorption at wavelengths greater than 900 nm by multistacked In 0.4 Ga 0.6 As QD structures increases as the number of stacking layer increases. In 0.4 Ga 0.6 As QD solar cells show good EQE spectra even after 150 QD layers were stacked, which indicates that InGaAs QDs are suitable for use in highly stacked QD solar cells with high efficiency. Figure 12 shows I-V curves of multistacked In 0.4 Ga 0.6 As QD solar cells with various numbers of QD layers and the curve of a GaAs reference cell. The parameters of each solar cell are reported in Table 1 . The short-circuit current density J sc increased from 17.5 to 23.6 mA/cm 2 as the number of stacking layers increased. Although the open-circuit voltage (V oc ) decreases as the number of stacking layers increases, as shown in Fig. 5 , the V oc becomes almost saturated when the number of stacking layers exceeds 50. The conversion efficiency of the 50-stack QD solar cell is higher than that of the 30-stack QD cell. In 0.4 Ga 0.6 As QD solar cells exhibit good cell characteristics even after an ultra-high stacking of 150 QD layers. Such good cell performance has not been reported for 100-stack QD solar cells fabricated using other materials.
The V oc value, shunt resistance, and conversion efficiency decrease in thick-layer QD solar cells. These phenomena are believed to be due to inefficient collection and recombination of carriers in QD regions. The energy difference between the GaAs conduction band and InGaAs QD state is 0.2-0.3 eV. This value is extremely small for additional photoabsorption from the solar spectrum because the spectrum contains few low-energy photons. Therefore, we cannot utilize two-step photoabsorption. Other material systems may need to be explored to enlarge the energy difference between the conduction band and QD state.
InGaP-Based QD Solar Cells
When the bandgap of a matrix semiconductor is 1.9 eV, optimal intermediate-band solar cells with a conversion efficiency of 60% are expected [18] . InGaP with a bandgap of 1.9 eV is a suitable matrix material with which optimal intermediate-band solar cells can be realized. Although the solid-source MBE technique is suitable for growing a QD structure, as previously discussed, InGaP is very difficult to grow. InGaP solar cells are grown by metal-organic chemical vapor deposition, and the literature contains few reports on InGaP solar cells fabricated using solid-source MBE. In this study we use InGaP as a matrix semiconductor for QD solar cells grown by solid-source MBE [25] , [26] .
We grew 10-and 20-stack In 0.4 Ga 0.6 As QD layers with 2-nm-thick GaAs spacer layers without using a strain balancing growth technique. We controlled the energy difference between the In 0.48 Ga 0.52 P conduction band and QD energy state using GaAs spacer layers [26] . The thickness of InGaP barrier layers between the In 0.4 Ga 0.6 As QDs and GaAs spacer was 16 nm, which indicates a thickness of 20 nm between QD layers. We used a 7 s interruption between the growth of InGaP and GaAs to switch the group-V flux. The growth temperature was 480
• C for both InGaP layers and InGaAs QD structures. Figure 13 (a) shows STEM images of 20-stack InGaAs QD layers with 2-nm GaAs spacer layers and 16-nm-thick InGaP barrier layers. InGaAs QDs with a diameter of 20-30 nm and a height of 7 nm are observed to be well aligned in the growth direction. Figure 13 (b) shows PL spectra of 10-and 20-stack InGaAs QD layers measured at 12 K. PL spectral peaks of multistacked QDs become more intense and narrower as the number of stacking layers increases: these spectral features indicate that high-quality multistacked InGaAs QD structures with GaAs spacer layers in an InGaP matrix were grown without using any special strain balancing method. QD solar cell as a reference. The photoabsorption of InGaPbased QD structures at wavelength greater than 650 nm increased as the number of stacking layers increased, where the absorption from 650 to 870 nm is due to the GaAs spacer layers. The peaks at 920-950 nm are believed to be due to the photoabsorption of InGaAs wetting layers. The photoabsorption of InGaAs QDs is observed at approximately 1000 nm. Although the photoabsorption of the QDs is small, InGaP-based InGaAs QDs exhibit grater photoabsorption than GaAs-based QD structures. Figure 15 shows I-V curves of InGaP-based 10-and 20-stack InGaAs QD solar cells with a 120 nm MgF 2 anti-reflection coating. The J sc increased from 16.2 to 19.9 mA/cm 2 as the number of stacking layers increased. As shown in Fig. 12 , the J sc of 19.9 mA/cm 2 is larger than that of the GaAs-based 20-stack InGaAs QD solar cell (18.7 mA/cm 2 ). This greater J sc is attributed to the InGaPbased InGaAs QD system exhibiting photoabsorption over a wider wavelength region. Moreover, the conversion efficiency increases as the number of QD layers increases in the InGaP-based system, although the efficiency of GaAs-based QD solar cells decreases with an increasing number of QD layers.
The V oc value decreases with an increasing number of stacked QD layers, as shown in Fig. 8 , which is the same phenomenon observed in Fig. 12 . Because InGaP-based QD solar cells have no QD minibands, we cannot utilize twostep photon absorption. Therefore, QD solar cells still exhibit low V oc , as shown in Fig. 15 . However, V oc might be improved through the use of QD minibands because of the increased carrier lifetime in an intermediate band for the two-step photon absorption. Highly stacked InGaAs QD minibands are needed in InGaP matrix layers to increase the V oc and J sc by utilizing two-step photon absorption.
In this chapter, we report the fabrication of ultra-highstacked and high-quality In 0.4 Ga 0.6 As/GaAs QD solar cells without using any strain balancing technique. The intensity of EQE spectra and J sc of QD solar cells increase as the number of In 0.4 Ga 0.6 As QD layers increases to 150. We have also reported In 0.48 Ga 0.52 P-based 10-and 20-stack Various authors have reported a reduction in V oc due to carrier recombination in QD solar cells [20] , [21] , [27] , which is a problem that must be overcome. The reduced V oc in QD solar cells can be improved through two-step photoabsorption because carrier recombination is reduced in QD regions. Two-step photoabsorption has been reported to be induced through the optical transition from the InAs QD state to GaNAs conduction band in a Si-doped QD solar cell under infrared-light illumination conditions [28] . The authors of this previous report indicated that photocurrent can be increased by two-step photon absorption if appropriate doping and a suitable excitation source for the optical transition from the QD state to conduction band are used. If we are to utilize two-step photon absorption, a sufficiently large energy difference must exist between the QD energy state and conduction band of matrix materials because the thermally assisted carrier transition must be suppressed [29] . In addition, the carrier lifetime in QD minibands should be increased to achieve two-step photon absorption [30] . We have reported the formation of electronically coupled InGaAs QD states [31] , [32] and increased photocurrent in InGaAs/GaAs QD solar cell structures [33] . Therefore, InGaP-based QD miniband solar cells are very attractive for use in realizing optimal intermediateband solar cells to increase V oc and J sc via two-step photon absorption.
Fabrication of Quantum Information Devices Using
Semiconductor-Coupled QDs
Fabrication of Quantum Logic Gates Using Excitons in Coupled QDs
QDs are considered attractive candidates for quantum information devices because their atom-like properties can be engineered via nanofabrication [34] , [35] . Moreover, exciton coherence can be optically controlled and monitored using an ultrafast (femtosecond to picosecond time domain) spectroscopy technique [36] , [37] . The long duration of exciton coherence in QDs, originating from the superposition of ground and excited states, has enabled the fabrication of a quantum bit (qubit), which is the fundamental unit of quantum computation [3] , [38] . The realization of two fundamental quantum logic gates of a rotation gate (onequbit) and a controlled rotation gate (two-qubit) using exciton states in QDs is required for the successful implementation of quantum computation [4] . In the case of one-qubit gates, exciton Rabi oscillation in InGaAs/GaAs QDs [39] and InGaAs/AlGaAs QDs [40] has been reported. With respect to two-qubit gates, optically driven QDs have been proposed as a quantum information system [41] . Chen et al. have proposed a four-level system comprising excitons and biexcitons in SQDs [42] , [43] . However, increasing the number of qubits is difficult. Consequently, we proposed a two-qubit quantum logic gate using artificial exciton molecule states; this logic gate consists of two different excitons confined in each QD of a CQD [44] - [46] for multiqubit applications. The application of this device to quantum information processing requires the three technical steps as follows: (1) the creation of a four-level system using four-exciton states (a crystal ground state |00>, on exciton states of |01> and |10>, and an artificial exciton molecule state of |11>) in a CQD; (2) arbitrary control of the probability density-specifically, populations and coherences-of four-exciton states via cascade optical excitation; and (3) the demonstration of a two-qubitcontrolled rotation (CROT) gate. In this section, we describe our recent studies on quantum information devices based on exciton molecule states in a CQD. Figure 16 (a) shows the transition energy diagram and two-qubit exciton states of CQDs, where |00>, |01>, and |10>, |11> are the crystal ground state, one-exciton state, and two-exciton states of the CQDs, respectively. In this four-level, two-qubit exciton system of |00>, |10>, |01>, and |11>, the most important and difficult technology for the realization of two-qubit quantum logic gates is the formation of new states of the correlated-exciton molecule state |11> using an exciton confined in each QD of a CQD and the formation of exciton correlation (ΔE 0). The transition energy between the crystal ground state (|00>) and one-exciton state (|01>) is E 2 and that between the one-exciton state (|10>) and correlated-exciton molecule state (|11>) is E 2 − ΔE, where ΔE is the bindingenergy shift caused by the formation of the correlatedexciton molecule. Transition energies of other excitation processes-specifically, |00> → |10> and |01> → |11> -correspond to E1 and E 1 − ΔE, respectively. In a two-qubit exciton system, the energy shift (ΔE) of E 1 − ΔE should be the same as that of E 2 − ΔE, as shown in Fig. 16 (a) . The operation process of a two-qubit logic gate using these four states is shown as follows.
First, the ground state of |00> is optically excited to the state |00> + |01> by applying a π/2 pulse with a center energy (frequency) of E 1 . Second, the state |00> + |01> is excited to the state |00> + |11> by applying a π/2 pulse with a center energy (frequency) of E 2 − ΔE. Note that the state |00> does not evolve under the π pulse because of a detuning of ΔE. If a one-exciton state |01> or |10> is prepared and another exciton state is excited within a time Δt of exciton lifetime, then the entangled-exciton states of |11> are realized in CQD systems. An entangled four-level two-qubit exciton system cannot be factorized, and two excitons are entangled because of an energy shift of ΔE 0 [41] .
Fabrication and Characterization of Quantum Logic
Gates Using Excitons in a CQD
We have fabricated two-qubit logic gates using correlated excitons in a CQD [44] - [46] . Figure 16 (b) shows a structural model of a two-qubit exciton system using a CQD. The methods employed to fabricate the samples used in the experiments were the same as those reported in our previous study [46] . Self-organized InAs QD samples were grown by MBE using the indium-flush method, as shown in the crosssectional STEM image in Fig. 16 (c) . We selected a barrier thickness of 5 nm to satisfy the requirements that (1) a hole be localized in each QD to confine excitons and (2) an electron be delocalized and weakly coupled between QDs [44] . CQD samples were cooled to 6 K in a liquid helium cryostat and excited by a continuous-wave tunable Ti:sapphire laser. Luminescence from QDs was led into a double monochromator and detected using a cooled charge-coupled device. In addition, a Ti:sapphire laser providing 4-ps-long pulses at a repetition rate of 76 MHz was used for the pulse excitation control of an exciton state in QDs for Rabi oscillation measurements. Figure 17 shows a micro-PL spectrum from a CQD with d = 5 nm used in this study. The PL spectrum has two groups, i.e., Xa and Xb, with an energy separation of 15-20 meV because of quantum mechanical coupling [44] , where suffixes "a" and "b" indicate antibonding and bonding states, respectively. Moreover, each PL group consists of two peaks separated by 2-5 meV, where lower-and higherenergy peaks are indicated as Xa Xb and X2a X2b , respectively. The measurement of spin-selective optical excitation revealed that X2a and X2b peaks originate from excitons with a p-like hole excited state [45] . In contrast, Xa and Xb peaks originate from excitons with an s-like hole ground state because wavefunctions of a hole are not coupled with the neighboring QD as a consequence of the large effective mass of the hole, which leads to a small energy-level separation [45] .
Optical Control of Two-Qubit States in a CQD System
In PL excitation measurements of a CQD system, we ob- served inherent excited states of Ea = 1.3231 eV and Eb = 1.3392 eV for |01> and |10> states, respectively [43] , [45] . Thus, the creation of excitons of |01> and |10> states can be controlled individually using two laser sources. For example, when we pump at the inherent excited state of Ea (Eb), the |10> (|01>) state can be created, but the |01> (|10>) state cannot be created. Figure 18 shows PL spectra under individual (one-color) excitation or simultaneous (two-color) excitation conditions using energy-selective excitation, as previously mentioned. Excitation at the Ea (Eb) energy yielded only a |10> (|01>) emission, as shown in the center (bottom) of Fig. 18 .
When |10> and |01> states were excited simultaneously using two-color excitation (both Ea and Eb), a new peak appeared on the lower-energy side of the Xb peak in the spectrum (labeled X2b at the top of the figure). This observation directly indicates the existence of an exciton molecule in a CQD system.
To clarify the origin of the X2b peak, we investigated the two-color excitation-power dependence on the intensity of the X2b PL peak, as shown in Fig. 19 , where the twocolor excitation energies were fixed at Ea and Eb as inherent excited states. If the X2b peak originates from the biexci- ton state |02> of Xb itself, the PL intensity of X2b should strongly depend only on Eb excitation, whereas if X2b originates from the correlated-exciton molecule state |11>, the PL intensity of X2b should depend on both Ea and Eb excitations. The results show that the X2b PL intensity depends on both Ea and Eb excitations, which indicates that the X2b peak originates from the correlated-exciton molecule state of |11> created by two individual excitons.
Control of the Population of Four-Exciton States
In this section, we report exciton Rabi oscillations in SQD and CQD to control the population of four-exciton states. In addition, we show the differences between optical properties of an SQD and a single pair of CQDs to observe the exciton transition dipole moment. Figure 20 shows the PL intensity vs. average power of the laser pulse for an SQD and a single pair of CQDs. The excitation laser energy is tuned at the excited state (E 1 ) of the Xa peak, where E 1 originates from the second excited states of holes because the first excited states of holes originate from the X2a peak. We observed that the PL intensity oscillates with an increase in the square root of the pump power, i.e., the pulse area. The PL intensity vs. square root of the average power can be fitted to a sinusoidal solid curve. We considered that top and bottom points correspond to the π-pulse area (θ = π) and 2π-pulse area (θ = 2π), respectively. On the basis of these experimental results, we have successfully observed Rabi oscillation between |00> and |10> states in a single pair of CQDs by controlling the input pulse area. The transition dipole moment calculated from Rabi oscillation between |00> and |10> states was 72 D, which is larger than that of an SQD in our previous studies (40 D) [47] , where the transition dipole moment was derived from the value of excitation power on the surface of a sample. Thus, we experimentally observed the pulse-area control of Rabi oscillation in a single pair of CQDs. The re- 20 The PL intensity from the ground state was recorded while the average total input laser intensity was varied for pulse area at the sample surface. Solid and dotted lines show fits to the data. Transition dipole moments of CQD and SQD are 72 and 40 D, respectively. Both PL intensities are normalized. Inset: QD energy diagram. The CQD is resonantly excited to the excited state of |10>. The population that relaxes to the ground state |00> is detected.
sults demonstrate the possibility of realizing a quantum gate with two qubits.
In this chapter, a two-qubit quantum logic gate using artificial exciton molecule states, where the logic gate consists of two different excitons confined in each QD of a CQD for multiqubit applications, was proposed. In the first part of this chapter, we demonstrated the formation and control of two-qubit exciton states consisting of a two-qubit exciton system in CQDs. In the second part of this chapter, we demonstrated an arbitrary control of the probability density-specifically, the populations and coherences-of four-exciton states via the optical control of Rabi oscillations. The results demonstrate that our device structure can be utilized as a two-qubit quantum logic gate and that a twoqubit solid-state device structure enables both ultrafast optical control and multibits.
As further work, demonstrating Rabi oscillation between |01> and |11> states will be important. In a CROT gate, the target bit (first bit) is rotated through a π-pulse area if and only if the control bit (second bit) is 1. More specifically, a π pulse tuned to the |01> → |11> transition is selected as the operational pulse for the CROT gate. When the input is only |01>, the operational pulse will rotate the input to |11>. Similarly, if an input of |11> is selected, the operational pulse will stimulate it down to |01>.
Conclusion
We have reviewed our recent studies on nanophotonic devices based on semiconductor quantum nanostructures. We have developed the core technologies for the fabrication of high-quality and high-density of QD structures using As 2 sources in MBE growth. On the basis of this technology, quantitative improvements of semiconductor optical devices are demonstrated. High performance 1.3um laser devices with high gain and very low threshold current density were realized using the GC-SRL technique. In addition, ultrahigh-stacked QD solar cell devices were realized without the use of a strain balancing technique. Solar cell device structures with 150 layer stacked InGaAs/GaAs QD structure and a 20-layer stacked InGaAs/InGaP QD structure were realized. For application to the quantum information devices, we have proposed a two-qubit quantum logic gate using an artificial exciton-molecule state of excitons in a CQDs. We have successfully demonstrated the preliminary operation of these devices such as the formation of two-qubit states and arbitrary controls of the probability density of exciton states -specially, one-qubit operation -via the optical control of Rabi-oscillation. We expect that these new nanophotonic devices will bring about the quantitative and qualitative technological changes for the future photonic devices and systems.
